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optimum method for delivering water from high altitude to a civilian population
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1. Introduction
1.1 Background
In January 2010, the country of Haiti was hit by a catastrophic earthquake. Due to
inadequate building codes as well as the large magnitude (7.7Mw) of the earthquake,
Haiti's infrastructure was crippled. In the aftermath, it was expected that the United
State's military presence in the region would allow for aid to be delivered in a rapid
manner. However, as the extent of the damage was realized, all major ports and
airports were effectively closed (U.S. Department of State, January 14, 2010). Because of
the difficulty landing both US planes and naval ships, it was several days before both
food and water could be distributed to the population. The US Army later took criticism
for its lack of immediate response. It has now been requested that a more efficient
method for quickly distributing food and water to a civilian population be created.
Ideally, it is required that individual water supplies be distributed by airdrop from high
altitudes safely over a civilian population.
1.2 Current Technology
While a method is currently being sought out to safely deliver water supplies to civilian
populations, several suboptimum methods do exist.
1.2.1 Direct Pouch Delivery
The only current method to drop individual sized supplies to a large area exists in the
Army TRIADS system (Department of the Army, 2005). The Tri-Wall Aerial Delivery
System (TRIADS) consists of a large box constructed out of corrugated cardboard. Each
TRIADS has a 48 by 40 inch base and is designed to carry loads of up to 1375 pounds.
There are two primary types of aid that are used to fill the TRIADS: Meals Ready to Eat
(MRE) and small, sealed, water pouches. The TRIADS are designed to be used without a
parachute. Each TRIADS is loaded with a supply of food (MRE's) and water pouches then
placed in a cargo plane. Above the drop zone, the TRIADS are offloaded from the plane
and each box falls apart in the air. From there, the individual packets of food or water
fall on its own to the ground.
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Figure 1.2.1 - TRIADS being loaded onto a cargo plane
The TRIADS system has several key disadvantages that limit its uses over civilian
populations. The first issue has to do with its deployment from the aircraft. In order to
be used in current aircraft, it is required that each TRIADS have a 1/4 inch plywood
board affixed to the bottom. This allows the TRIADS to slide on top of the rollers in each
plane. However, once the TRIADS are freed from the plane, this plywood board falls
freely to the ground and posses a significant danger to civilians. Additionally, while each
MRE can withstand a drop at terminal velocity, its relatively high density and weight, 1.6
pounds each, can easily injure civilians on the ground. While individual water packets
can be made smaller, they still pose a threat of direct collision and have a high failure
rate with most packets bursting on impact.
1.2.2 Parachute Drops
The current typical response to a humanitarian aid situation is to drop a large amount of
food and water on a pallet via parachute. This is a standard response and one that was
used significantly after the earthquake in Haiti. While this solution is simple and cost
effective, it suffers many shortcomings. First with a parachute, payloads can be upwards
of several tons. This means that even at low speeds, each air drop can be deadly. There
have been several casualties as a payload crushes civilians as they run towards a drop.
Additionally, because an extremely large amount of supplies are bundled together, each
drop is easily hoarded. Hoarding by local warlords is prevalent and limits the use of
standard air drops. To solve these issues, it is required that ground troops secure a drop
zone and individually hand out supplies to civilians. This is a costly exercise that limits
the applications of parachute based drops.
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1.2.3 Semi-Recoverable Drops
There have also been several cases of packages that are designed to be destroyed on
impact being used in war zones. These devices were first used in Vietnam and never
gained wide use. Devices typically consisted of stacked, 1 gallon, metal cans. Each can is
filled with water and dropped from high altitude. On impact, four of the five cans would
explode, slowing down the fifth can. The last remaining can could be recovered and
used as drinking water. The extremely high impact force of these devices severely
limited their use even in war zones. However, this base concept of using a payload to
slow the descent of a second payload will be discussed later.
1.3 Objectives
1.3.1 Functional Requirements
The objectives of this thesis were obtained from discussions with engineers at the Army
Soldier Systems Center in Natick, Massachusetts. From these debates, it was decided
that three main functional requirements must be met:
1) Impact Force - Impact force striking a civilian must be assumed worst case. For any
drop device, worst case is assumed to be striking a person on the forehead while looking
up which would cause a maximum strain on the neck. Standards were taken from
vehicle crash tests and the maximum force that can be sustained on the head in a
motorcycle accident. This maximum force was determined to be 3100 N. Because the
impulse is much more important than impact force, the drop speed of each proposed
device must be considered.
2) Payload Requirement - to be useful in civilian aid missions, each device must carry a
maximum amount of water. It has been determined that in an emergency, a person can
survive on just under 500 ml of water per day. It was decided that with significant
numbers being dropped, civilians could gather multiple payloads of water to meet their
daily needs. Therefore it was decided that a 200 ml payload would be optimal.
3) Lack of parachute - because of the cost and complications associated with making
parachutes in large numbers and the small size of each payload, it was decided that
research would focus on devices without parachutes.
1.3.2 Design Overview
After much consideration, three main designs were chosen for review.
1) Water Powered Retro-Rocket - In this design, each device is relatively large but carries
a greater amount of water. The device is meant to drop extremely fast towards the
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ground. Once the device gets close to the ground, within 100-200 feet, a pressure
source is released forcing excess water through a nozzle. In this way, upwards force is
created slowing down the devices for a relatively soft landing.
2) Recoverable Water Pouch - This design uses a much smaller device composed mostly
of a stretchable rubber pouch similar to a balloon. Inside this pouch is a soft, non-
stretchable, inner water container surrounded by up to a liter of water. As the device
hits the ground, the outer pouch is designed to quickly rupture, reducing the impact
force. This slows the inner water container to a safe speed and keeps it from bursting.
3) Auto-Rotating Wing - This method uses a design that is similar to a maple seed. A rigid
water container is attached to a relatively large wing. By carefully designing the center
of pressure on the wing and offsetting the center of mass, the device can be made to
auto-rotate in free-fall. This rotation creates both drag and upwards lift on the wing,
slowing the device to a safe speed.
2 Retrorocket
In principle, a retrorocket is a relatively simple device. As an object falls towards the
ground, a rocket is fired in the opposite direction of travel to slow its descent. Ideally,
the retrorocket is perfectly matched such that the end velocity at the ground is close to
zero. In practice however, this process becomes quite complex. First, a rocket must be
built that can fire reliably and consistently with very little start up time. Secondly, the
rocket must be very precisely fired and controlled. If the rocket fires or exhausts its fuel
too early, the payload will reach zero velocity well above the ground and accelerate
towards again with gravity. If the rocket fires too late, the necessary deceleration will
not be achieved and the payload will have a high impact force. The timing mechanism
necessary for a usable device in itself is critical, however it is a bit outside the scope of
this experiment. It is proposed that a relatively simple ultrasonic range finder could be
built to trigger a retrorocket at the correct height. Instead, this section focuses on ways
to build a cheap and reliable retrorocket.
In a standard retrorocket, a chemical rocket (typically solid fuel) is burned and throttled
to control descent. However, development and deployment of such a device is
extremely complex and costly. Because water is being used as the payload, it is
proposed that water also be used as the working fluid in the retrorocket. In this method,
water would be held in a chamber pre-pressurized by a gas. Upon firing, the water
would be released through a simple nozzle to produce thrust. While this would lead to a
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lower overall effective thrust, using water as the working fluid has several key
advantages. First, the rocket itself would be relatively inert. The chamber can be pre-
pressurized meaning that there is no need for a controlled burn inside of the chamber.
This leads to a much lower chance of catastrophic failure of the rocket. Because no
chemical combustibles are being used, the devices would also be much safer in storage.
Lastly, because the working fluid, water, is incompressible, no time must be spent
designing a supersonic nozzle.
cotieshr r eea ifrn methds f r suiz thechaber eahwt
theirown avantge. Simled weorkine diara tehiusoofrsrzn water rce
rocket, using a pre-pressurized air chamber, and pressurizing the chamber mid-drop
with a hydrogen/oxygen mix.
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2.1 Pre-Pressurized Air Chamber
A typical water rocket consists of a simple gas chamber that is pre-pressurized with air
from a compressor. This is the safest pressurization method as no combustibles are used
and there is minimal chance of over pressurization. However, because this method
requires the chamber to be stored while pressurized, its design requires a mechanism to
release the pressure on a trigger. Because of the high speed of descent for this
retrorocket, it is required that any pressure release mechanism be extremely quick
acting. Three methods for triggering a water powered retrorocket and releasing
pressure are discussed below.
First, a standard valve method was evaluated. In this design, a simple solenoid or
butterfly valve is added to the rocket output. This method is relatively simple to control.
A voltage source can trigger the valve, allowing water to be expelled from the rocket
creating force. However, because of the large flow rate required (3-5 liters per second),
a large valve would be required. Not only are these valves expensive, they are also large
and relatively heavy. A very lightweight mechanism is required to maximize the velocity
change of the payload from the retrorocket.
Second, a quick release plug was assessed. Because no supersonic nozzle is required, the
nozzle can consist of a simple hole in the bottom of the chamber. This hole can be filled
with a plug held in place with a retention ring as shown in Figure 2.2.
Figure 2.2 - Method for Containing Pressure with Retention Ring
Page
12
Because of the smaller diameter of the nozzle hole, the force on the plug is relatively
small, and because of the mechanical advantage of the retention ring, a small amount of
force can be used to remove the retention ring, releasing the stored pressure. This is of
great advantage because it allows the use of small, cheap, servo motors to control the
mechanism. However, the low force required to remove the retention ring brings a
major disadvantage in that it is less reliable. It would be possible for the mechanism to
be dislodged in storage or during transit leading to premature firing of the rocket.
Lastly, a method of pressure containment using a pressure differential was reviewed. As
shown below in Figure 2.3, by surrounding the nozzle with a cap and creating a vacuum
inside the cap, the pressure could be held back.
Figure 2.3 - Method for Containing Pressure with Pressure Differential
This mechanism relies on the fact that while the pressure inside the chamber is much
larger than the 1 atm vacuum differential, the area the chamber pressure can act on
through the nozzle is much smaller. The overall net force acts to hold the cap in place.
By using a pressure differential to hold the cap in place, a small solenoid valve could be
used to quickly release the vacuum in turn releasing the cap and allowing water out of
the chamber. Again, reliability is of primary concern. Even with a precision seal, there is
significant chance that the vacuum could be disturbed leading to an unplanned launch.
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2.2 Combustible Gas Mix
Instead of storing a pre-pressurized gas chamber, it is also possible to create pressure
on demand by igniting a combustible fuel. While this has the advantage of not requiring
a pressure release mechanism (pressure is created when launch is required), it has the
disadvantage of requiring the storage of explosive fuels. In many rockets, this explosive
fuel is a mix of hydrogen and oxygen. Because the working fluid in the proposed rockets
is water, it would be possible to create this hydrogen/oxygen mix on demand through
electrolysis of the working fluid. In this manner, the fuel could be created in transit,
minutes before it is required. In addition, because the hydrogen-oxygen mix will
detonate in a quick manner, on the order of microseconds, actuation would be
extremely quick, allowing for simpler timing systems. Shown below in Figure 2.4 is a
proposed hydrogen-oxygen powered water rocket.
L e e c -------- ....
e 1. C-9 )W 
e 
.
Figure 2.4 - Spark Ignited Water Rocket
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2.2.1 Gas Collection
To make the device safer, it was decided that the rocket fuel mix would created on
demand instead of kept inside the rocket in storage. This necessitated a simple way to
create hydrogen and oxygen inside of the rocket. Electrolysis itself is relatively simple,
two electrodes are placed in water and when a current is passed through the fluid, two
moles of hydrogen are produced at the cathode while one mole of oxygen is produced
at the anode. This simple process could be achieved by placing two electrodes inside the
rocket chamber when it is filled with water. To simplify the design process in testing,
this electrolysis was done outside of the rocket. This way, separate verification of gas
production could be done irrespective of rocket performance. Shown below in Figure
2.5 is a diagram of a test setup to evaluate gas production via electrolysis.
4- kd t
Figure 2.5 - Electrolysis Rig
There are three main components to the gas production. First, the electrodes placed in
the water must have a large surface area to maximize the rate of reaction. Because
electrolysis also typically results in the degradation of the anode due to oxidation, an
inert electrode is required. While platinum would be ideal, its high cost prohibits its use.
A suitable replacement is stainless steel, which corrodes relatively slowly. The test setup
shown below uses a stack of stainless steel washers to maximize surface area.
Secondly, while water is being split into hydrogen and oxygen, pure water is not
conductive, requiring excessive voltage to produce a current. Salt was used in this setup
as an electrolyte to increase the amount of current that could be carried through the
water. Lastly, a sealed container was used to collect the resulting gases, oxygen from
the anode, and hydrogen from the cathode. As seen in Figure 2.5, by placing collection
funnels under the water level, a gas pressure measurement could be recorded by
observing the difference in water level inside and outside the funnel. From testing, a
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current of 3 amps at 15 volts yielded an average of 1 liter of H2/02 gas per hour.
Increasing the available current or electrode surface area could produce higher yields.
2.2.2 Ignition System
As mentioned earlier, a quick pressure release is critical for a retrorocket to perform
correctly. In the case of a combustible gas mix, this means creating the initial pressure
quickly. By using a spark gap inside of the combustion chamber, a high voltage signal can
quickly ignite the gas mixture. Because low weight and size are important, a trigger
circuit that could be run from a compact power source was desired. To keep part counts
low, a camera flash circuit was used as the main charging circuit. In this way, a large
capacitor could be charged from a small AAA battery. Shown below in Figure 2.6 is the
complete trigger circuit diagram.
Figure 2.6
In the first section, the battery voltage quickly oscillates between two primary
transformers. These transformers increase the 1.5 volt battery voltage to the 110 volts
required to charge the capacitor. In a normal camera flash circuit, the capacitor is
connected directly to a neon flash tube; the capacitor voltage is not high enough to
induce current through the flash tube. When the trigger is pressed, a short duration high
voltage signal is sent to a trigger plate on the flash tube. This high voltage trigger ionizes
the gas inside of the flash tube, connecting the circuit, allowing a very large amount of
current to flow from the capacitor and through the tube resulting in a flash of light. For
the required trigger circuit, the capacitor's 110 volts is not enough to produce a spark
over a large gap. Instead, one end of the flash tube is disconnected from the capacitor
and a secondary automotive transformer was placed in series. When the flash tube is
triggered, current flows through the tube and subsequently through the secondary
Page
16
transformer. The secondary transformer increases the 110 volt capacitor charge to a
60,000 volt secondary charge. This secondary charge can easily create a stable 1 inch
spark.
2.2.3 Thrust Calculations and Testing
As a test bench, a standard 2L bottle was used to compose both the pressure chamber
and the nozzle. Two metal electrodes were placed at the top of the pressure chamber to
serve as a spark gap to ignite the gas mixture. To calculate the expected thrust of the
rocket, it is first essential to estimate the pressure created by the hydrogen/oxygen
detonation. Determining the gas composition after combustion is relatively straight
forward if the chamber is considered to be adiabatic. By calculating the Gibbs Free
Energy before and after combustion, it is possible to iterate the entropy change as well
as the necessary temperature and pressure rise. In practice, this iterative process is
particularly time consuming. For testing, the National Air and Space Administration's
online Chemical Equilibrium Analysis (CEA) was used (NASA, 2011). Initial conditions
were assumed to be room temperature at atmospheric pressure. The fuel mix was
assumed to be a 0.5 Oxidizer/Fuel mixture. Using NASA CEA this leads to a enthalpy
change of 3443 kilojoules per kilogram, a temperature rise of 850 Kelvin, and a final
pressure of 6.03 Bar or just under 90 psi. This is a reasonable pressure to assume and
well within the structural requirements of a thin plastic combustion chamber such as a 2
liter plastic bottle. For most of the testing, it was found that a 50 percent water, 50
percent gas mix worked well. This leads to 1L of water, or 1kg of water in the rocket.
Because the effective nozzle is extremely short, it is reasonable to assume a very small
amount of friction and a near zero pressure loss through the nozzle. With the standard
Bernoulli's equation for incompressible flow shown below, it is simple to calculate the
velocity of the water jet leaving the rocket.
(1) P1 + pV= P2 + 1pV2
V1 = 0 P1 = 1 bar P2 = 6.03 bar
(2) V2 = 2(AP)
V2 = 33.23 m/s
Using the jet velocity and the nozzle diameter, the mass flow can be calculated as
below.
(3) m = pV2 Anozzie
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m = 16.61 kg/s
Assuming a modest 5 lb (2.27kg) device, the rocket force and finally the velocity change
can be found.
(4) F = mV = 551.9 N
(5) a = a - ag = 9.8 = 243.1 - 9.8 = 233.3 m/s2
(6) t =Mwater = 0.06 s
m
(7) AV = VO + at = 14- or 31.3 mph
While a 5 pound payload is slightly large and could be trimmed down, a velocity change
of only 14 m/s is extremely small and nowhere near what would be required to slow a
device from terminal velocity. From simple tests using the same parameters listed
above, Mpayload = 5lbs, 1 kg water, and 1 liter hydrogen/oxygen mix, the simple
retrorocket was able to achieve a height on the order of 25 feet. This height has a very
similar change in potential energy to the change of kinetic energy that would result from
the change in velocity calculated above.
3 Water Pouch
While the active design of the retro-rocket has its advantages, a passive design allows
for cheaper construction and for much simpler use. In a passive design, the reduction of
impact force comes from the shape or material of the device itself. This reduction of
force can be derived from two main functions. First, by reducing the terminal velocity of
a drop device, the kinetic energy can be reduced significantly. Secondly, by increasing
the impact time, the force is spread over a greater time, which has the benefit of
decreasing the acceleration and the final impact force. This increase of impact time can
be achieved in a few different ways. By changing the material to something softer, the
impact can be reduced as the material yields, similar to a foam ball. Creating a
mechanical structure that permanently deforms on impact can also increase the impact
time. This is similar to how a car frame is designed to crumple at specific points to
reduce impact force.
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The first passive design tested in this project aimed to reduce impact time by using both
methods described. By using an expandable water pouch, impact force can be
decreased in a similar fashion of a water balloon. As the force increases with the impact,
pressure builds inside of the water pouch, which deforms the pouch. Once pressure
increases past a threshold, the pouch bursts, allowing the internal fluid to disperse at a
slower speed.
3.1 Design Principle
Because water delivery is the primary concern, a second rigid water pouch is placed
inside of the first larger water pouch. In this way, when the external pouch bursts, the
internal pouch is slowed and remains intact to be collected later. Shown below in Figure
3.1 is an early design diagram of a water pouch design with an internal water reservoir.
W&oLf(______
Figure 3.1 - Internal and External Water Pouch
There are two main factors that dominate the success of this design. First is the external
pouch elasticity and bursting pressure. If the internal fluid was not contained in a pouch,
it would disperse mid drop. The pouch maintains the device structure while allowing the
device to significantly deform on impact. On immediate impact, the device's kinetic
energy is exchanged for potential energy in the form of pressure inside the pouch. As
the pressure builds, force is exerted on the pouch walls. By using an elastic outer wall,
the pouch can deform significantly, allowing for the internal fluid to be contained for a
greater amount of time. However, once the internal pressure builds up to a certain
threshold, the pouch bursts and releases the interior components.
As the pressure inside of the device builds with impact, this pressure acts to protect the
internal pouch. Because water is used as the interior fluid and is incompressible, as the
pressure builds it is evenly distributed throughout the pouch (Brisson, 2005). This even
pressure applies a compressive stress to the inner pouch. Because the inner pouch is
also filled with water and is incompressible, the exterior pressure acts to keep the inner
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pouch intact. Shown below in Figure 3.2 and Figure 3.3 is an early proof of concept
design that shows both the interior and exterior pouch.
Figure 3.2 - Internal Water Pouch Next to External Pouch
Figure 3.3 - Internal Pouch Suspended Inside External Pouch
The second primary design function comes from the interaction between the internal
pouch and the surrounding fluid. As the external pouch begins to absorb impact force
and slow down, the internal pouch keeps its momentum and continues its downward
motion. In normal circumstances, the speed of the inner pouch would cause it to burst.
However, because an incompressible fluid surrounds the inner pouch, the fluid must
move out of the way to allow the inner pouch to move down. This is similar to trying to
throw a rock into a pool of water. As soon as the rock hits the water, its speed decreases
much more rapidly. And because the surrounding fluid is incompressible, any forces
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acting on the impact side of the interior pouch are evenly distributed around the pouch
keeping it intact.
3.2 Testing
For an initial test, an internal pouch of 200ml was used. As shown above both internal
and external pouches were created from a heat sealed plastic sheet. As the device was
proof of concept, no burst testing was performed. After several drops, it was
determined that just over a liter of external fluid was needed to fill the external pouch.
Shown below in figure 3.4 is the result of a preliminary drop test from 30 feet.
Figure 3.4 - 30' Drop Test
As seen in figure 3.4, on impact, the external pouch burst from two ends as designed.
The resulting interior pouch can be seen, intact, holding 200ml of water. While this test
was successful, the external pouch was relatively stiff. Because the exterior pouch could
not expand with the increase in pressure, the impact time was kept short and the force
was still relatively high. Through further tests with external pouches of different
elasticities, no suitable external pouch was found that could increase the impact time
enough. It may be possible to design an internal structure to support a thinner outside
pouch, but the design was given up for the more promising auto-rotating wing.
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4 Auto-Rotating Wing
The last prototype design that was tested draws its inspiration from nature. Many trees
that drop seeds rely on the wind to carry the seeds as far as possible. One way to
increase the travel distance is to increase the time the wind can act upon the seed. This
is generally done by slowing down the seed's descent, exactly what this project aims to
do with water. One of the most famous examples of an auto-rotating wing is a maple
seed. The unique shape of the maple seed creates an initial unstable fall condition.
Because of the location of the center of mass compared to the center of drag pressure,
the seed enters into a stable rotation. This rotation both increases the effective drag
area and creates lift over a wing section. Both of these factors significantly slow the
seeds descent and increase the dispersal distance.
4.1 Design Features
There are three main design features that dominate an auto-rotating wing design. First
the correct shape and size must be created. To create a stable rotation the wing must
have the correct shape to induce rotation. The device must also have adequate
structural members to keep it both light and stiff during descent. Finally, the device
must have a container to hold sufficient amounts water.
4.1.1 Wing Shape
Using the correct shape is the primary factor on creating auto-rotation and slowing
descent. Shown below in Figure 4.1 is an auto-rotating maple seed.
Figure 4.1 - Maple Seed
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While any shape can work, including a square, two aspects determine the auto-rotation.
The first determining factor is the center of pressure (Kellas, 2007). The drag forces on
the wing determine the center of pressure. With a square shape, the center of pressure
will be directly in the center of the wing. The second determining factor is the wing's
center of mass. As the wing itself is built to be extremely light, the center of mass is
almost entirely determined by the payload; in this case the water pouch. The difference
between center of mass and center of rotation can be seen below in Figure 4.2.
Yawing
Moment -- -
Arm
a) b)
Figure 4.2 - Wing Center of Rotation vs. Center of Pressure (Kellas, 2007)
The center of mass and pressure themselves do not cause auto-rotation. Instead, an
offset between the center's of mass and pressure create a yawing moment. In figure 4.2
above, a) shows how the center of mass can be offset from the center of pressure. As
the downward force acts on the center of mass, an upward force acts on the center of
pressure. When these two forces proceed to align on the same axis, a yawing movement
is created as seen above in b) in Figure 4.2. This yawing movement causes the wing to
tilt slightly and enter a rotation.
Once the rotation is stable, there are two main factors that contribute to a slow
descent. First, the area created by the cone of rotation is significantly larger than the
area of the wing itself shown below in Figure 4.3. This larger area creates a larger
effective drag force and lowers the terminal velocity. In addition, by creating a
symmetrical leading edge on the wing, the wing can act as an aerofoil. As the device
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revolves through the air, there is a large rotational speed. As the aerofoil rotates
through the air, it creates a significant amount of lift acting to slow the descent.
Figure 4.3 - Cone of Auto-Rotation (Kellas, 2007)
4.1.2 Wing Structure
To keep the drop speed as low as possible, a very small weight is desired. To use
lightweight materials, it is necessary to add structural members to the device so keep
the proper wing shape. Shown below in Figure 4.4 is an early wing prototype.
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Figure 4.4 - Early wing prototype
For early wing prototypes, cardboard was used as the primary wing surface as it had the
advantage of being both lightweight and relatively stiff. To increase the stiffness of the
wing, wooden dowels were added to the leading edge of the wing as well as across the
wing surface. The added structural member at the leading edge of the wing also helps to
create the overall aerofoil shape of the wing.
To decrease the production costs, it is proposed that any future wings be constructed by
heat stamped plastic. A structural frame can be built from thin, lightweight aluminum
then a plastic sheet can be stamped around the frame. This also has the benefit of
allowing the plastic to act as the water container. A small section at the lower end of the
wing can be left open to hold a payload then heat sealed later.
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4.1.3 Payload
The last critical component of an auto-rotating wing design is the payload. While the
device should have a low terminal velocity, the payload should still be able to withstand
a moderate impact force. For this project, the main payload is water, which is relatively
heavy. The payload container however should be as lightweight as possible to increase
the available water capacity.
4.2 Testing
For initial testing of an auto-rotating wing device, a 36 inch long wing was used. The
exact dimensions were determined from Kellas' 2007 thesis on controllable auto-
rotating wings. The wing size was scaled up from 29 inches to 36 inches to
accommodate a heavier payload while maintaining the same aspect ratio. As a payload,
a water bottle filled with 500ml (0.5 kg) of water was attached to the wing. Drop tests
were performed from an approximate height of 60 feet. Figure 4.5 below shows an early
prototype in mid drop.
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Figure 4.5 -500ml Auto-Rotating Wing
The primary drop test with 500ml from 60 feet was repeated 3 times. During each test,
the device entered auto-rotation within 30 feet indicating a very low terminal velocity.
By using Logger Pro, video taken of each drop was analyzed and the device was found to
have an average drop speed of 1.9 m/s or 4.2 miles per hour. This drop speed was
extremely low, and has a total horizontal kinetic energy of less than 2 joules. While the
drop speed is extremely low, there is a larger rotational energy component to the
device's motion. Using Logger Pro, a rotational speed close to 120 RPM was calculated.
Page
27
Using a computer model, the moment of inertia of the wing was found to be 0.121
kgm 2. At 2 rotations per second, the total angular momentum is 0.271 kg r.sec
Assuming worst case of a person being struck by the outer tip of the wing, with a wing
length of 0.91 meters, this striking force has a maximum impulse of 0.2466 N/s. While
the impact time is required to determine the maximum rotational force, assuming a
modest 1 millisecond impact time computes to a maximum force of 240 N, much lower
than the 3.1 kN design condition.
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5 Conclusions
In order to achieve a water drop from high altitudes, three main prototype designs were
considered, one active rocket device and two passive devices. It was shown both
through mathematical analysis and testing, that an active water rocket does not possess
enough change in velocity to be efficiently used to slow the decent of a payload. Future
testing could rely on more powerful solid fuel rockets but many complications arise
from the use of a retro-rocket. Passive solutions are both simpler and cheaper. Two
passive devices were tested - one relying on material deformation and another on
aerodynamic design features. While an internal water pouch design showed promise
and could successfully land a payload, it was found that the impact force was much
higher than other devices. Lastly, an auto-rotating wing device was tested. The auto-
rotating wing was slightly more complex than a water pouch, but the terminal velocity
and impact force of such a device were significantly lower. The prototype auto-rotating
wing successfully landed multiple 0.5 kg payloads from a 60-foot drop while maintaining
a safe impact force.
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